We investigate the frequency of thermally excited vortex oscillations in Co-Fe-B magnetic tunnel junction (MTJ) pillars in the presence of defects. Under a variable in-plane magnetic field, a characteristic behavior is observed: the frequency oscillates from a maximum at certain field values to a steep minimum, which tends towards zero frequency. These frequency variations are described qualitatively well by an analytical model based on the Thiele equation taking into account a single Gaussian pinning potential. It is thus possible to calculate the in-plane depinning field for certain pinning potential parameters. For steep potentials, the depinning is hysteretic and jumps between the pinned and unpinned regime occur due to the presence of an energy barrier. A sharp frequency minimum occurs at an applied field, where a large flat region in the energy landscape is present. From the experiments, the pinning potentials are estimated to be between À0.2eV and À0.4eV. We also perform micromagnetic simulations of the vortex oscillations in the presence of a distribution of pinning centers. The simulations confirm the validity of the Thiele- Defects can modify substantially the magnetic response of ferromagnetic materials. In models, they are often taken into account as statistic distribution of pinning potentials that modify the domain wall motion, leading to hysteresis and Barkhausen jumps. A problem arises when ferromagnetic nanostructures are considered. In this case, statistic models cannot be applied and often the micromagnetic approach has to be adopted. 1, 2 Due to the complexity of the problem, assumptions have to be made about the nature of the defects and how they interact with the domain wall. There is a renewed interest in the influence of defects on the domain wall dynamics, due to its importance in the proposed racetrack memories, which exploit the domain wall motion in nanowires. 3 Simple problems help to obtain a better comprehension of the influence of defects on domain wall dynamics. In particular, the vortex dynamics has received a growing interest, since it can be described as a rigid magnetic configuration by a single parameter. 4 It is important in nanowires, being energetically more stable than the transverse wall for large wire cross-sections (vortex wall), 5 as well as in disks. In vortex domain walls, core switches can occur at material defects, 6 while in nano-disks the magnetic vortex configuration was employed to probe single defects. 7, 8 It is therefore important to understand if the vortex interacts rigidly or point-like with defects, so that simple analytic models can be applied. Despite the many analogies between domain walls in wires and vortices in disks, it was found that the vortex dynamics in disks is less influenced by defects than a domain wall in a nanowire. 9 In particular, an increased damping was found for current-induced domain wall motion including defects, 1 while the pinned vortex essentially exhibits comparable damping as the non-pinned vortex. 9 While the field or current-driven vortex wall has to overcome potential wells and move from one pinning center to the next, the vortex trapped in a pinning center oscillates at a higher frequency due to the steeper potential.
In this paper, we investigate a gyrating vortex that moves between different pinning centers driven by an applied magnetic field. To this aim, we measured vortex oscillations in Co-Fe-B magnetic tunnel junction (MTJ) pillars in the presence of defects. We thus aim to obtain a better understanding of the particular frequency versus field behavior observed experimentally with focus on the depinning driven by the field. While previously the low frequency/high power oscillations were attributed to flat pinning potentials, 10 we find that they correspond to flat regions in the energy landscape accompanied by large-amplitude high power oscillations during the depinning. Analytically this depinning driven by the field can be hysteretic or nonhysteretic, depending on the steepness of the pinning potential. We also perform micromagnetic simulations with a distribution of grains which substantially confirm the dynamics. We then characterize the experimentally observed defects obtaining the typical pinning potential amplitude and radius.
II. EXPERIMENTAL
MTJs are optimal magnetic devices to investigate vortex oscillations. Due to the tunnel magneto-resistance effect (TMR), even small power vortex oscillations, caused by thermal fluctuations, are measurable. 10 The samples investigated were prepared at the University of Bielefeld by sputter deposition. A multilayer stack Mn 83 Ir 17 (12 C in order to have a well-defined in-plane anisotropy of the polarizer layer and to form a tunnel junction with large TMR.
11
Measurements of magnetization oscillations were performed using an Agilent spectrum analyzer (3 Hz-50 GHz). The magnetic field was applied by an electromagnet. Magnetization oscillations were measured via TMR with an applied DC current perpendicular-to-plane (cpp) between 1 mA and 3 mA, where positive current means electrons flowing from the fixed to the free layer. These currents are well below the critical breakdown current for spin-torque vortex oscillations, estimated using the Thiele approach with a two-vortex-ansatz, 12, 13 to be approximately 25 mA for the device with 590 nm diameter. The DC current favors the excitation of thermal vortex oscillations, since it reduces the damping and slightly increases the sample temperature. Power spectra were measured in a range of 10-1000 MHz using 1200 points and 100 averages. Fig. 1 shows oscillation frequency versus field applied in the sample plane parallel to the pinning direction. The vortex oscillations occur at increasing fields at À14 mT and disappear at À44 mT for decreasing field (device with diameter 590 nm). This field range corresponds to the nucleation and annihilation fields of the vortex. The frequency shows the characteristic behavior of thermally excited vortex oscillations: the frequency is oscillating between a maximum value of $790 MHz and minima that reach very low values of 10 MHz. Once the vortex is nucleated, the frequency versus field diagrams coincides for increasing and decreasing field. The frequency maxima correspond presumably to different pinning centers along a line perpendicular to the applied magnetic field, which displaces the vortex. The average Dl 0 H between the minima is 1. Fig. 2 ).
III. DISCUSSION
The experimental results were compared with micromagnetic simulations and an analytical model based on the Thiele equation with the two-vortices-ansatz. 12 
A. Analytical model
The frequency of vortex oscillations in a circular disk can be calculated analytically assuming that the motion can be described only by the displacement of the center of the vortex (vortex core positionX 0 ¼X 0 ðtÞ), i.e., translational mode of the vortex
whereG is the gyrovector given by 2ppdM s cê z (p is the polarity of the vortex, c is the gyromagnetic ratio, d is the thickness of the layer, and M s is the saturation magnetization).
The fact that the disk confines the vortex configuration needs to be considered in the vortex energy W by the twovortices ansatz. In this way, the magnetization is always tangential at the disk border. The vortex energy in the presence of a magnetic field and a DC current I, generating an Oersted field, is then given by where the first term is the dipolar magnetostatic energy in a disk with radius R, the second is the Zeeman energy of the vortex configuration in the Oersted field, and the third is the Zeeman energy in the applied magnetic fieldH ¼ Hê y . In the following, for Py a value of l 0 M s ¼ 0.9 T is used. The energy minimum defines the field dependent equilibrium position and the shape of the energy potential (steepness) defines the slightly current dependent oscillation frequency. For example, the oscillation frequency in the Py disk of 590 nm diameter is 453 MHz at zero DC current, the frequency change due to the Oersted field at 3 mA DC current is 15 MHz. From the derivative of the field dependent energy the equilibrium position can be calculated, which is linear in field. For the experimental sample diameters, the following values for the vortex displacement with field are calculated: 3. The presence of pinning centers due to e.g., surface roughness (i.e., local changes of magnetization) or grain boundaries changes the energy landscape. 7, 14 Spatially confined energy minima located all over the Py disk have to be added to the energy W. The effect of a single pinning center on the oscillation frequency can be calculated by adding a Gaussian pinning potential to the vortex energy
where a is the pinning strength in eV (q e is the electron charge) and c is a measure for the extension of the potential in the plane. Typical values in literature are 0.3 eV < a < 2 eV and 5 nm < c < 10 nm.
14 Assuming thatX p ¼ X pêx whenH ¼ Hê y means that the vortex core moves from the center of the disk and passes through the center of the pinning potential when the magnetic field is applied. From the minimum of the total energy, the vortex position can be calculated. It is found as the intersection of two functions (see Figure 3 )
where
15 I and h ¼ 2 3 pM s dRB app . From Figure 3 , we find that the vortex moves almost linearly with the applied field as long as its core is within a radius of c from the center of the pinning potential. This displacement is only small so that the vortex can be considered as pinned. At a certain field value A (here, 5.3 mT), a sudden jump occurs and the vortex core moves to position B, then continues a linear motion with field. When the field is decreased, the jump occurs at position C (hysteresis). From the plot, it is clear that the energy barrier does not always occur, but depends on the shape of the pinning potential with respect to the vortex energy. This is of special importance when the pinning potential is not steep (i.e., small a or large c). Then f 2 becomes very flat and the sum of the k values is large enough so that no energy barrier occurs. This limit is reached here for a > À1.2 eV or c > 9 nm. This means that hysteresis is present only for pinning potentials that are steeper than these values. The fact that the experiment does not show hysteresis might indicate such pinning potentials. However, for a complete analysis, also thermal fluctuations have to be taken into account. 15 For small motions around the equilibrium position, X 0 , the frequency of the vortex oscillation can be obtained from the linearized equation. Figure 4 shows the frequency as a function of applied magnetic in-plane field. Hysteresis is shown for a steep pinning potential, but the frequency increase is too high (2.3 GHz) compared with the experiments and former calculations. 16 However, the shape of f(H) is well reproduced in the measurement. An increase of about double the frequency (e.g., 790 MHz) is obtained by choosing the parameters of the pinning potential a ¼ 0.4 eV and c ¼ 7 nm. The hysteresis disappears in this case and the minimum frequency does not reach zero. The same is the case for increased c.
B. Micromagnetic simulations
In order to use a more realistic approach for comparison with the experiments, micromagnetic simulations were performed using the software package MuMax. 17 A disk of 400 nm diameter is discretized using finite difference cells of 3.125 Â 3.125 Â 30 nm 2, we ascribed the distribution of pinning sites to the presence of material grains. Therefore, grains with average size of 10-30 nm (comparable to the disk thickness) were modeled using a Voronoi tessalation. We considered a reduced exchange coupling at the grain boundaries by reducing the exchange stiffness at the edges of the Voronoi regions by 20-40%. We excited small vortex core motions by applying perturbing in-plane spin-polarized electrical currents to the magnetic system, modeled following the ZhangLi description. 18 The amplitude of the current density was 5 Â 10 9 A/m 2 , large enough to cause vortex core displacements, but too small to cause depinning. After 40 periods of the excitation, the vortex core dynamics was considered to be in regime and the amplitude of the resulting oscillatory core displacements is recorded. When the excitation frequency corresponds to the resonance frequency, induced core displacements are much larger than off-resonance. For a grain size of 20 nm and an exchange reduction of 25% we obtain a frequency in the range of 700-1100 MHz when the vortex is pinned while it is decreased to 100-200 MHz when the vortex is depinned by field, which corresponds well to what is observed experimentally. The fact that the grain size is about the double of the distance between the pinning centers (frequency maxima) indicates that the vortex is pinned not only by pinning centers along a straight path from the disk center but also by all pinning centers (grain boundaries) that are next to this line (at a distance of half the grain size).
IV. CONCLUSION
We studied thermally excited vortex oscillations in CoFe-B MTJs affected by pinning centers experimentally, by analytic and micromagnetic modeling. We observed experimentally that at certain field values, steep frequency minima occur, which can be ascribed to flat regions in the energy landscape due to the applied field, which depins the vortex. This depinning can be hysteretic or non-hysteretic depending on how strongly the vortex is pinned (steepness of the pinning potential). In comparison with the experiments, the pinning potentials were estimated to be between À0.2 eV and À0.4 eV, and no hysteresis is observed. The average distances between the pinning centers were obtained to be 13 nm (d ¼ 460 nm), 11 nm (d ¼ 590 nm), and 7 nm (d ¼ 780 nm). In the micromagnetic simulations, a different approach was used, taking into account the pinning centers as grain boundaries (20 nm grains) with reduced exchange interaction (25%), which leads to frequencies that are about double of the unpinned vortex oscillation frequency. The comparison indicates that the Thiele model can be applied; this means that the vortex in the presence of pinning centers remains sufficiently rigid.
